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Abstract

It has been well established that polyurethanes exhibit a two-phase micro-structure due to the thermodynamic incompatibility between the

soft segments and hard segments. In this work, we reported the effect of fluorinated side chain attached on hard segment on the phase

separation and surface topography of polyurethanes. Two sets of fluorinated polyurethanes, namely, poly(ether urethane)s and

poly(carbonate urethane)s containing various amounts of chain extender of fluorinated side chains, were investigated by DSC, XPS,

DMA, AFM and FTIR. It was found that the phase separation in both bulk and surface increases in fluorinated poly(carbonate urethane)s and

the phase mixing increases in fluorinated poly(ether urethane)s, with increasing amounts of fluorinated side chain. The increased degree of

hydrogen bonding between hard segments and soft segments was observed by FTIR for fluorinated poly(ether urethane), which is believed to

result in the enhanced phase mixing, and the enhanced association of domains with long-range order (hydrogen bonding) between hard

segments was evident for fluorinated poly(carbonate urethane)s, which may correspond to the enhanced phase separation. The result is new

and provides direct connection between surface topography and bulk phase separation of polyurethanes.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Polyurethanes (PUs) are widely used as biomedical

materials because of their excellent mechanical properties

and good blood compatibility [1]. These desirable bulk

properties mainly derive from the two-phase structure of

hard and soft domains: hard domains, composed of aromatic

(or aliphatic) urethane or urea segments, and soft domains,

composed of aliphatic polyether, polycarbonate, polyester or

poly(methylsiloxane) segments [2,3]. Factors that control the

phase separation include composition, such as the symmetry

of diisocyanate, the type of chain extender, the number of

carbons in linear low molecular weight chain extender [4], the

type and the chain lengths of soft segments [2,4–6], crystal-

lizability of either segment [7], the thermal history of the

polyurethanes [5,8,9] and the method of synthesis [10].

Recently, extensive work has been done on the

fluorinated polyurethanes, due to their unique low surface

energies [11,12], biocompatibility and biostability [13–16],

low water absorptivity, lubricity, thermal and oxidative

stability and nonsticking behavior [17]. However, the

incorporation of fluorine in polyurethanes has been shown

to result in the migration of the fluorine group to the surface

driven by the low surface energy of the fluorinated chain,

which makes the surface morphology of polyurethane much

complicated. The surface structures of fluorinated poly-

urethanes were studied extensively [11,12,18–27]. The

surface phase separated morphology of the poly(carbonate

urethane)s containing fluorinated polyether was observed by

Kim Y. S. et al. [21], and the similar surface phase

morphology about 10 nm near the surface was also observed

in normal polyurethanes [28,29]. However, Honeychuck

R.V. et al. did not observe the surface phase separation in

fluorinated polyurethanes based on a series of ethylene–

fluoroakyl-ethylene diols and HDI [27]. On the other hand,

the bulk structure of the fluorinated polyurethanes has also

intensively investigated [22–26,30–32]. Tonelli et al.

[30–32] in their study of the fluorinated polyurethanes com-

posed of MDI, 1,4-butanediol (BDO) and perfluoropolyether
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(PFPE), observed that the phase separation occurred due to

the incompatibility of the fluorinated soft and the hard

segments, and that synthesis methods affected the mor-

phology and microstructure. For multiblock fluorinated

polyurethanes which have a wide distribution of block

lengths, Yoon and Ratner [22] studied the bulk structure of

poly(ether urethanes) and poly(ether urethane ureas) with

various perfluorinated chain extenders and also noticed that

the surface topography of such polymers depended strongly

on the extent of the phase separation. They concluded that

the existence of discrete domains on the surface of these

fluorinated polyurethanes was improbable. Thomas et al.

[33,34] studied the diblock and triblock components of

different polarity and configuration in a covalently linked

block system, and revealed an enriching phenomenon of

certain components at the surface. The enrichment at the

surface can be governed by the bulk structure, the degree of

phase separation near the surface, and the surface free

energy difference between the two components.

In our previous studies [35], a series of fluorinated

polyurethanes were synthesized with fluorinated side chain

attached on hard segment. The fluorine group was found to

easily migrate to the surfaces of polyurethanes when the

amount of fluorinated side chain was small. So it is

significant to further investigate the bulk structure and the

extent of micro-phase separation at the surface of these

multiblock fluorinated polyurethanes in order to understand

the effect of fluorinated side chain attached on hard segment

on the bulk structure and surface topography. In this paper,

we report the effect of fluorinated side chain attached on

hard segment on the bulk structure and the surface structure

of the fluorinated polyurethanes, the relationship between

bulk structure and surface structure was characterized by

DSC, DMA, FTIR, XPS and AFM.

2. Experimental

2.1. Synthesis of materials

A series of poly(ether urethane)s and poly(carbonate

urethane)s containing various amounts of chain extender

with fluorinated side chains were synthesized with methy-

lenebis(phenylene isocyanate) (MDI), polytetramethylene-

oxide (PTMO), or poly(1,6-hexyl-1,5-pentylcarbonate) diol

(PHPCD), 1,4-butandiol (BDO) and 3-(2,2,3,3,4,4,5,5,6,6,7,

7,8,8,8-pentadecafluoro-octyloxy)-propane-1,2-diol (PFOP-

DOL). The details of the fluorinated polyurethanes synthesis

were reported in Ref [35] and the detailed information of

these samples is listed in Table 1, and the structure is shown

in Fig. 1.

2.2. DSC measurements

The polymer samples (17–20 mg) were cut off from the

films prepared by casting the polymer onto a clean glass disk

from 10% (w/v) THF or mixture solvent of THF and DMAc

(5:1), putting into oven at 40 8C for 24 h, 50 8C for 12 h and

60 8C for 3 days under vacuum. Because THF can not

completely dissolve the poly(carbonate urethane)s, DMAc

was added to help the dissolution. There should be no

remarkable effect of THF and DMAc on fluorinated

polyurethanes surfaces as long as the solvent is removal

completely (the same as for other characteration). More-

over, there are not markedly effects of THF and DMAc on

fluorinated polyurethanes surfaces [24]. The DSC heating

data was collected at 10 8C/min from 2100 to 80 8C by TA

instrument 2910 thermal analyzer, and from 50 to 220 8C by

a Perkin–Elmer differential scanning calorimeter (Pyris 1

DSC).

2.3. Dynamic mechanical analysis (DMA)

Dynamic mechanical properties were measured on a

Dynamic Mechanical Thermal Analyzer (DMTA IV Rheo-

metric Scientific LTD) using rectangular test film specimens

(45 £ 10 £ 0.2 mm3) prepared as described above. The

testing was done at a heating rate of 5 8C/min and at a

frequency of 10 Hz.

2.4. Fourier transform infrared spectroscopy (FTIR)

Each sample for infrared analysis was prepared by

casting the polymer onto a clean potassium bromide disc

Table 1

Composition of segmented poly(ether urethane)s and poly(carbonate urethane)s with various amounts of fluorinated chain extender

Sample Molar ratio MDI/chain

extender/PTMO (or PHPCD)

Chain extender BDO,

PFOPDOL (mol)

Hard segment

(wt%)

Fluorine

(at.%)a

PEU 2:1:1 1.0, 0.0 37.1 0.0

FPEU20 2:1:1 0.8, 0.2 40.0 2.6

FPEU50 2:1:1 0.5, 0.5 43.9 6.0

FPEU100 2:1:1 0.0, 1.0 49.3 11.1

PHPCPU 2:1:1 1.0, 0.0 35.8 0.00

FPHPCPU20 2:1:1 0.8, 0.2 38.7 2.4

FPHPCPU50 2:1:1 0.5, 0.5 42.5 5.7

FPHPCPU100 2:1:1 0.0, 1.0 47.9 10.5

a Atomic percentage of fluorine.
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from a single drop of 1% (w/v) THF or a mixture of the

solvents THF and DMAc (5:1). These samples were put into

an oven at 40 8C for 24 h, 50 8C for 12 h, and 60 8C for 24 h

under vacuum to completely remove the solvent. Infrared

data was obtained with the Nicolet-560 spectrophotometer

between 4000 and 600 cm21 in the resolution of 4 cm21.

Fifty scans were averaged for each sample. The analysis was

performed to fit the combination of Lorentzian and Guassian

curve by peaksolvee version1.05 (Galactic Industries

Corporation).

2.5. Atomic force microscopy

AFM sample films were prepared by casting the

poly(ether urethane)s onto clean glass disks from 10%

(w/v) THF and the poly(carbonate urethane)s from 5%

(w/v) DMAc. The disks were put into an oven at 40 8C for

24 h, 50 8C for 12 h, and 60 8C for 3 days under vacuum.

The AFM measurements were performed on SPA400 with

an SPI3800N controller, Seiko Instruments Industry, Co.,

Ltd. at room temperature, using the micro-fabrication

cantilevers with force constant of approximately 13 N/m.

In tapping mode, the topographic and phase data were

recorded simultaneously. For our study, the ratio of

amplitude was adjusted to 0.8–0.9 of the free air amplitude

for all the images. Under this light force tapping conditions,

phase data is sensitive to local hydrophilicity differences of

the phase about 0–5 nm below the surface. Hydrophobic

region are bright in phase images and dark in topography

images [36–38].

2.6. X-ray photoelectron spectroscopy (XPS)

XPS was carried out on an XSAM-800 electron

spectrometer. The spectrometer was equipped with a

Mg Ka achromatic X-ray source (20 kV, 10 mA) and

take-off angles of 308 was used with X-ray source. Each

sample for XPS was prepared by casting the polymer onto a

clean silicon wafer from 10% (w/v) THF or a mixture of the

solvents THF and DMAc (5:1). The disks were put into an

oven at 40 8C for 24 h, 50 8C for 12 h, and 60 8C for 3 days

under vacuum.

3. Results and discussion

3.1. The bulk phase separation of fluorinated polyurethanes

3.1.1. DSC analysis

The glass transition temperatures ðTgÞ and the melting

endotherms of the fluorinated poly(ether urethane)s are

showed in Fig. 2. The Tgs and other thermal characteristics

results are summarized in Table 2. In the poly(ether

urethane) system, one Tg is observed in each sample (Fig.

2A), and increases with an increasing in fluorine content.

The change of Tg of the soft segment has been used as an

Fig. 1. Structure of fluoropolyurethanes. Rf ¼ CH2(CF2)6CF3; n ¼ 1; 2, 3,…, m ¼ 0; 1, 2, 3,…. Soft segment is PTMO or PHPCD.

Fig. 2. DSC thermogrames of fluorinated poly(ether urethane)s and poly(ether urethane)s. A: temperature range from 2100 to 70 8C. B: temperature range

from 60 to 200 8C.
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indicator of the degree of phase separation [6]. The

increasing of Tg of fluorinated poly(ether urethane)s

compared with that of the PEU indicates that the phase

separation of fluorinated poly(ether urethane)s is getting less

as the content of fluorine attached on hard block increases.

On the other hand, two DSC melting endotherms are

observed at temperature ranging between 74–96 8C and

131–155 8C for poly(ether urethane) (Fig. 2B), high

temperature peak is seen to disappear for all the fluorinated

poly(ether urethane)s. According to previous literature [8],

the endotherm at lower temperature is attributed to the

disruption of domains with limited short-range order, and

the transition at higher temperature represents the dis-

sociation of domains containing long-range order. Our

result suggests that mixing between soft and hard segments

is enhanced with increasing content of fluorine attached on

hard block in poly(ether urethane)s, and no association of

domains with long-range order exists any more.

For the fluorinated poly(carbonate urethane)s, one also

observes one Tg in both PHPCPU and FPHPCPUs (Fig. 3A,

Table 2). The Tg of FPHPCPUs decreases compared with

PHPCPU and. One observes also obviously two melting

endothermal peaks in fluorinated poly(carbonate urethane)s

(Fig. 3B, Table 2). The low melting peak keeps relatively

constant but a great increase in the high melting peaks is

seen after introducing fluorine on the hard segments. This

result indicates that the association of domains with long-

range order becomes much stronger in FPHPCPUs.

3.1.2. Dynamic mechanical analysis

Dynamic mechanical analysis provides information on

glass transition, phase separation and the mechanical

behavior of a polymer. The dynamic mechanical properties

of the fluorinated poly(ether urethane)s series are showed in

Fig. 4. From the storage modulus ðE0Þ vs. temperature curves

(Fig. 4A), the storage modulus in the rubbery plateau region

of PEU is higher than that of fluorinated poly(ether

urethane)s, and the loss peaks of fluorinated poly(ether

urethane)s are shifted toward higher temperature (Fig. 4B).

Fig. 5 shows the dynamic mechanical properties of the

fluorinated poly(carbonate urethane)s series. The storage

modulus in the rubbery plateau region of FPHPCPU50 is the

highest in poly(carbonate urethane)s series (Fig. 5A), and

the loss peaks of fluorinated poly(carbonate urethane)s are

shifted toward lower temperature (Fig. 5B). Numerical

DMA data of all polyurethanes are reported in Table 3. In

order to better understanding the effect of fluorinated side

chain attached on hard segment on the bulk phase

separation, the relationship between the amount of chain

extender PDFDOL and the rubber plateau modulus (at

temperature Tg þ 50 8C) [31], Tg and dissipation factor

ðtan dÞ were considered, respectively. For poly(ether

urethane)s series, the storage modulus ðE0Þ decreased, Tg

increased and tan d increased with the amount of chain

extender PDFDOL increasing (Fig. 6). However, for

poly(carbonate urethane)s series, these changes are appro-

priately in reverse to those of poly(ether urethane)s (Fig. 6).

The increase in storage modulus of fluorinated poly(carbo-

nate urethane) indicates that the hard-segment acts as

reinforcing agent more efficiently via enhanced phase

separation [31]. On the other hand, the rise in tan d of

fluorinated poly(ether urethane)s indicates that interaction

between hard segment and soft segment is enhanced. The

results indicate that the degree of phase separation

decreases in poly(ether urethane) system but increases in

Table 2

Transition temperatures and enthalpies of the polyurthanes and fluorinated

polyurethanes

Sample Tg (soft) (8C) T1 (8C) DH1 (J/g) T2 (8C) DH2 (J/g)

PEU 245.2 85.998 0.771 143.436 4.097

FPEU20 245.14 87.606 1.895 – –

FPEU50 233.41 99.612 1.724 – –

FPEU100 237.15 89.514 0.271 – –

PHPCPU 23.62 119.668 6.501 – –

FPHPCPU20 1.51 93.080 0.861 141.879 0.716

FPHPCPU50 27.52 90.713 0.584 136.518 0.517

FPHPCPU100 28.95 101.269 0.309 135.938 0.464

Fig. 3. DSC thermogrames of fluorinated poly(carbonate urethane)s and poly(carbonate urethane)s. A: temperature range from 2100 to 80 8C. B: temperature

range from 60 to 200 8C.
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poly(carbonate urethane) system with increasing fluorine

content. DMA result is in good agreement with DSC data.

3.2. The surface phase separation of fluorinated

polyurethanes

3.2.1. XPS analysis

In the XPS measurement, the sample is irradiated with

Mg Ka achromatic X-ray as the kinetic energy of the

emitted photoelectron is recorded. The analysis depth, d is

controlled by the mean free path [39] of the ejected

photoelectron according to the following equation [40]

d ¼ 3l sin u

where l is the inelastic mean free path of electron and u is

the take-off angle (between the film surface and the axis of

analyzer lens). For typical polymer systems, the take-off

angle represents the depth having been detected. 308 is near

the surface (5 nm) and 908 is ten nanometers away from the

surface, In our experiments, the take-off angle was 308, and

the detection depth is then around 5 nm. The XPS result is

listed in Table 4, and all of the fluorinated polyurethanes

films have higher fluorine on the surfaces compared with

that in the bulk (see Table 1). For the series of fluorinated

poly(ether urethane)s, the FPEU20 has the highest atomic

percentage of fluorine, F/O and F/C atomic ratio at the depth

of about 5 nm. On the other hand, for the series of

fluorinated poly(carbonate urethane)s, the FPHPCPU50

has the highest atomic percentage of fluorine, F/O and F/C

atomic ratio at the depth of about 5 nm. In the mean time, all

of these sample films have high fluorine enrichment factor,

especially, for FPEU20 and FPHPCPU20 (Table 4). The

XPS result suggests that the surfaces of fluorinated

polyurethanes are nonpolar and this has been verified by

contact angle measurement with water [35]. It should be

noted that the amount of nitrogen and elemental fluorine at

surface represents the amount of hard block and fluorinated

side chain migrating to the surface, respectively. The

amount of surface elemental nitrogen increases with

increasing amount of the fluorinated side chain of the

chain extender PFOPDOL (Table 4), which indicates that

more and more hard segments have been pulled to the

surfaces with the help of fluorinated side chains.

Fig. 4. Dynamic-mechanical spectra for fluorinated poly(ether urethane)s and poly(ether urethane)s samples. A: E0 vs. T ; B: tan d vs. T :

Fig. 5. Dynamic-mechanical spectra for fluorinated poly(carbonate urethane)s and poly((carbonate urethane)s samples. A: E0 vs. T ; B: tan d vs. T :

Table 3

The storage modulus at Tg þ 50 8C; dissipation factor and glass transition

temperature of fluorinated polyurethanes in DMA

E0 (MPa) ðTg þ 50 8CÞ tan d Tg (8C)

PEU 7.63 0.31 257.35

FPEU20 7.18 0.45 231.85

FPEU50 6.83 0.66 221.92

FPEU100 6.39 0.57 240.12

PHPCPU 6.47 0.73 24.5

FPHPCPU20 6.45 0.64 25.0

FPHPCPU50 7.46 0.41 223.7

FPHPCPU100 7.14 0.34 24.86
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3.2.2. AFM measurement

AFM technique was used to study the microdomains of

polyurethanes lying underneath the upper most surface layer

by moderate force tapping [21,28,29], and the phase

imaging at moderate tapping of the ratio (amplitudes with

range 0.4–0.7) provides information about surface stiffness

variation related to changes in Young’s modulus [28,36].

However, the phase imaging at light force tapping of the

ratio of amplitudes with range 0.8–0.9 derives the chemical

resolution from hydrophilicity differences of the phase at the

surface [36–38]. For some fluorinated polymer surfaces, the

fluorine level at about 5 nm depth is about ten-fold above

their stoichiometric level and the concentration profile of

fluorine exhibits a steep gradient normal to the surface [21,

41]. I should be also pointed out that AFM study of surface

morphology in phase separated polyurethanes is sometimes

difficult because the domains almost lie under the surfaces,

especially poly(ether urethane)s. A very sharp tip is needed

to get good results. In this study, the tip radius of 10 nm was

used. Under this measurement condition, rough sample has

a certain extent influence on the results, but the influence

mainly exists the edge of the domains. It has been shown

Fig. 6. Relationship between dynamic mechanical properties and molar percentage content of PDFDOL in chain extender of fluorinated polyurethanes, A: the

storage modulus ðE0Þ at Tg þ 50 8C vs. content of PDFDOL, B: dissipation factor ðtan dÞ vs. content of PDFDOL,and C: glass transition temperature ðTgÞ vs.

content of PDFDOL.

Table 4

Atomic percentage of carbon, fluorine, oxygen and nitrogen at the depth of about 5 nm on the fluoropolyurethanes film surface

PEU FPEU20 FPEU50 FPEU100 PHPCPU FPHPCPU20 FPHPCPU50 FPHPCPU100

C%a 94.0 32.2 41.7 44.3 77.7 46.8 37.7 43.4

O% 6.0 9. 5 11. 3 9.8 20.2 14.0 9. 9 10.4

F% 0 39.4 32.3 32.6 0 26.4 36.4 29.0

N% 0 1.8 2.3 2.6 2.1 2.7 2.9 3.3

C/O 15.7 3.4 3.7 4.5 3.8 3.3 3.8 4.2

F/O 0 4.1 2.9 3.3 0 1.9 3.7 2.8

F/C 0 1.2 0.8 0.7 0 0.6 1.0 0.7

StioichFb/C 0 0.034 0.087 0.17 0 0.036 0.091 0.2

Kc – 35.3 9.2 4.0 – 16.7 11.0 3.5

a The atomic percentage of carbon doesn’t contain the percentage of the carbon (CF2 and CF3).
b F% is shown in Table 1.
c K is fluorine enrichment factor ([measured atomic F/C ratio]/[stoichiometric F/C ratio]).
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that fluorinated side chains can easily migrate to the surface

of polyurethane and are mainly enriched about 0–5 nm

below the surface. In order to further understand the effect

of fluorinated side chain attached on hard segment on the

surface topography of polyurethanes, the light tapping mode

AFM was used to study the surface of these fluorinated

polyurethanes. Fig. 7 shows the topographic and phase

images of PEU, FPEU20, FPEU50 and FPEU100 samples at

1000 nm scan region. For these fluorinated poly(ether

urethane)s, FPEU20 gives apparent topographical data on

the surface where the hydrophobic patches (rich fluorine

patches) appear as low spots, and the hydrophilic areas

appear as high spots (Fig. 7B). The phase data for the

hydrophobic patches are bright and the hydrophilic areas are

dark [37,38]. But hydrophobic and hydrophilic areas of

FPEU50 and FPEU100 are not obviously observed in the

topography and phase images (Fig. 7C and D). The PEU

surface exhibits apparent hydrophobic areas based on the

topography and phase images because of the high C/O

atomic ratio (Table 4, Fig. 7A). These results suggest that

phase separation exists on the surfaces of fluorinated

poly(ether urethane)s (FPEU20), and the degree of the

phase separation decreases with increasing content of

fluorine attached on hard block.

For the fluorinated poly(carbonate urethane)s,

FPHPCPU50 and FPHPC100 samples give apparent

topography and phase images (worm-like 20 nm width) of

hydrophobic rich fluorine patches on their surfaces (Fig. 8C

and D). The FPHPCPU20 sample also gives the hydro-

phobic areas, but there is no distinct phase separation on the

surface (Fig. 8B). The surface of PHPCPU sample shows

hydrophilic areas from topography and phase images due to

the low C/O atomic ratio (Table 4, Fig. 8A). These results

suggest that the phase separation on the surface increases

with increasing content of fluorine attached on hard block.

3.3. The role of hydrogen bonding in fluorinated

polyurethanes

3.3.1. FTIR analysis

Now it is logical to ask way one observes the opposite

effect of fluorinated side chain attached on hard segment on

the phase separation and surface topography for fluorinated

poly(carbonate urethane)s and fluorinated poly(ether

urethane)s. That is: the phase separation between hard

segments and soft segments increases in fluorinated

poly(carbonate urethane)s and decreases in fluorinated

poly(ether urethane)s as increasing of fluorine content.

One effect could be the change of hydrogen bonding after

introduction of fluorine in these two systems. For this

reason, FTIR experiments were carried out. Hydrogen

bonding exists in polyurethanes, and involves the amide

group as the donor, and the urethane carbonyl, the ether

oxygen (in polyetherurethanes), or the carbonate carbonyl

(in polycarbonateurethanes) as the acceptor. The FTIR

spectra of sets of fluoropoly(ether urethane)s samples cast

on KBr disc from THF are shown in Fig. 9. A single

stretching band is observed near ,3324 cm21 correspond-

ing to the hydrogen-bonded N–H stretching vibration [42].

A free (not hydrogen-bonded) N–H stretching band

absorbing 3400–3500 is weakly observed in all samples.

This indicates that most of the amide groups in fluoropo-

ly(ether urethane)s are involved in hydrogen bonds [42,43].

The stretching band at ,1730 cm21 is due to the absorption

of the free carbonyl of hard segments, and ,1703 cm21 is

mainly caused by hydrogen-bonded carbonyl absorption

between hard segments [42,44]. Table 5 lists the fraction of

hydrogen-bonded carbonyl of urethane according to the

relative area of the free carbonyl adsorption and the

hydrogen-bonded carbonyl in urethane to calculation [10].

One observes an increasing of carbonyl group absorption at

Fig. 7. Topography and phase images of PEU (A), FPEU20 (B), FPEU50 (C), FPEU100 (D) at 1 mm scan sizes. Data obtained using light tapping mode in air. Z

ranges are 20, 76, 5, 6 nm in A–D, respectively. Phase Z ranges are 14.3, 4.7, 0.7, 3.08 in A–D, respectively.
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,1730 cm21, companied with a decreasing of hydrogen-

bonded carbonyl group absorption at ,1703 cm21, with

increasing fluorine content (Table 5, Fig. 10). This result

suggests that the degree of hydrogen bonding between hard

block and soft block is increased as the content of fluorine

attached on hard block increases. This will result in an

enhanced mixing between soft and hard segments.

A different result is seen for fluropoly(carbonate

urethane)s, which is shown in Fig. 11. Here again, almost

all the amide groups in fluoropoly(carbonate urethane)s are

involved in hydrogen bonding the same as in fluoropo-

ly(ether urethane)s. Fig. 12. shows the 1800–1650 cm21

region assigned to the urethane and carbonate CyO of the

fluoropoly(carbonate urethane)s, the stretching band at the

1800–1650 cm21 region is overlapped by the stretching

band at ,1743, ,1730, ,1720 and ,1700 cm21 due to

Fig. 8. Topography and phase images of PHPCPU (A), FPHPCPU20 (B), FPHPCPU50(C), FPHPCPU100 (D) at 500 nm scan sizes. Data obtained using light

tapping mode in air. Z ranges are 5, 9, 6, 18 nm in A–D, respectively. Phase Z ranges are 1.4, 2.3, 2.0, 1.68 in A–D, respectively.

Fig. 9. IR spectra of fluoropoly(ether urethane)s and poly(ether urethane)s.
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the absorption of the free carbonyl of PHPCD soft segments,

free carbonyl of urethane, hydrogen-bonded carbonyl in

carbonate and hydrogen-bonded carbonyl absorption of

urethane, respectively [3,42–44]. With increasing of

fluorine content, the hydrogen-bonded carbonyl adsorption

of urethane increases and adsorption of free carbonyl in

carbonate at ,1720 cm21 decreases, and the peak (1800–

1650 cm21) becomes sharper (Table 5, Fig. 12) [3,10].

These results suggests that the phase separation is enhanced

with increasing of fluorine content because of the fraction of

hydrogen-bonded carbonyl increasing and the fraction of

free carbonyl in carbonate decreasing in this system.

In addition, the hydrogen-bonded amide group peak

position is shifted to lower frequencies, and the hydrogen-

bonded carbonyl of urethane peak position is reversely

changed with increasing fluorine content in poly(ether

urethane) system (Fig. 10, Table 5). However, in poly

(carbonate urethane) system, only the hydrogen-bonded

amide group peak position of FPHPCPU100 is shifted to

low frequencies, all of the hydrogen-bonded carbonate

carbonyl peak position are almost same, and that of

hydrogen-bonded carbonyl of urethane increases with

increasing fluorine content, especially, the frequency shift

Dn of FPHPCPU100’s is 22 cm21 compared to PHPCPU’s

(Table 5). According to Schrems’ result [45], the frequency

shift might be ascribed to the matrix effect derived from the

polarity difference between soft segment rich and hard

segment rich domains, and the magnitude of the frequency

shift Dn is a measure of hydrogen bonding strength.

Therefore, it can be known through investigating hydrogen

bonding strength of urethane that fluorinated side chain

attached on hard segment influences the bulk phase

separation and surface topography in different way for

these two sets of fluorinated polyurethane systems. We take

FPEU100 and FPHPCPU100, for instance, to discuss these

effects because they only contain PFOPDOL chain

extender. It is interesting to note that the shift Dn

(25 cm21) of hydrogen bonded carbonyl in FPHPCPU100

is higher than that ðDn ¼ 7 cm21Þ in FPEU100, and that the

frequency shift ðDn ¼ 213 cm21Þ of amide group in

FPHPCPU100 is far lower that ðDn ¼ 233 cm21Þ in

FPEU100 (Table 5). However, there is almost constant

peak position of the ether bond (,1105 cm21) in poly(ether

urethane)s (Fig. 9) and the carbonyl in carbonate (Table 5,

Fig. 12). These results indicate that the acceptor strength of

carbonyl in urethane is increased in polycarbonate matrix

and the donor strength of the amide group is increased in

polyether matrix. The increasing acceptor strength of

carbonyl in urethane promotes the phase separation. On

the contrary, the increasing donor strength of amide group is

helpful to enhance phase mixing.

4. Conclusion

In summary, DSC, DMA measurements on fluorinated

poly(ether urethane)s and fluorinated poly(carbonate

urethane)s containing various amounts of chain extender

of fluorinated side chains clearly show that the bulk phase

separation increases in fluorinated poly(carbonate

urethane)s and the phase mixing increases in fluorinated

poly(ether urethane)s with increasing amounts of fluorinated

Table 5

Fraction of hydrogen-bonded carbonyl of urethane and hydrogen-bonded carbonyl of carbonate in FTIR analysis of fluorinated polyurethanes and

polyurethanes

N–H stretching band Urethane bonded CyO Carbonate bonded CyO

n (cm21) Dna Stretching band n (cm21) Dna (%) Stretching band (cm21) (%)

PEU 3328 – 1703 – 78.7 – –

FPEU20 3325 23 1704 1 77.0 – –

FPEU50 3305 223 1708 5 67.1 – –

FPEU100 3295 233 1710 7 73.8 – –

PHPCPU 3337 – 1693b – 34.6 1723b 50.9

FPHPCPU20 3339 2 1700b 7 8.1 1720b 86.5

FPHPCPU50 3337 0 1700b 7 49.5 1720b 22.8

FPHPCPU100 3324 213 1718b 25 32.3 1720b 55.4

a Dn ¼ nFPU 2 nPU:
b The peak position was obtained by curve fit.

Fig. 10. Urethane CyO stretching region [A] of fluoropoly(ether urethane)s

and poly(ether urethane)s.
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side chain on hard segment. It is evidenced by AFM and

XPS that the change of surface phase separation is same as

that of the bulk phase separation in fluorinated poly(ether

urethane)s and fluorinated poly(carbonate urethane)s. The

increased degree of hydrogen bonding between hard

segments and soft segments is evident by FTIR for

fluorinated poly(ether urethane), and the enhanced associ-

ation of domains with long-range order (hydrogen bonding)

between hard segments for fluorinated poly(carbonate

urethane)s. The result is new and provides direct evidence

that the surface topography of these fluorinated poly-

urethanes depends strongly on the extent of the phase

separation in bulk. The fluorinated side chain influences the

phase separation and surface topography of polyurethanes

due to its ability of forming hydrogen bonding depending on

soft segments. These studies will be advantageous to

designing fluorinated polyurethanes with special surface

structure and function, and provides a fine model for

investigating the importance of polyurethane microdomain

structure on protein adsorption and blood platelet inter-

action [46].
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